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Any tip functionalization of carbon nanotubes, for which the relative orientation between their
(metallic) catalyst particle and the nanotube axis is essential, requires a detailed knowledge of the nature
of the internal interface between the particle and the outgrown tube. In the present work, this interface is
characterized with atomic precision using state-of-the-art low-voltage aberration-corrected transmission
electron microscopy in combination with molecular dynamics simulations for the case of hard-
magnetically terminated carbon nanotubes. Our results indicate that the physical principle based upon
which the interfacial metal facet is chosen is a reduction of the desorption energy for carbon.
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Since their discovery by lijima in 1991, carbon nano-
tubes (CNTs) have stimulated rapidly expanding research
because of potential technological application including
their use in electronics or as sensors [1-6]. An enhanced
lateral resolution in magnetic force microscopy when using
ferromagnetically filled CNTs as magnetic tips [7,8], the
construction of nanoscale mechanical actuators [9,10], or
the realization of nanorelay concepts [11,12] are examples
for the technological impact of CNTs. The perspective to
functionalize the CNT ends has nourished hopes for
constructing novel CNT architectures and networks for
nanoelectromechanical systems or simply for substituting
functional elements of microscale dimensions by even
smaller nanostructures for improved performance.
Obviously, control over the CNT growth and their func-
tionalization is of critical importance in such efforts.

In this Letter, the atomic structure of the metal-carbon
interface of CNTs with magnetically functionalized tips is
revealed. Apparently, magnetic functionalization provides
additional design flexibility by exerting a mechanical force
(or torque) on CNTs through the application of external
magnetic fields. Here, FePt in the chemically ordered
intermetallic L1, phase is particularly promising, since
its large magnetic anisotropy and its resistance to oxidation
allow for the production of the smallest stable ferromag-
nets [13]. Recently, we have reported the successful prepa-
ration of L1,-FePt-terminated CNTs with mean magnetic
switching fields as high as ugHg = 2.5 T [14]. Only if the
orientation of the [001] easy axes of magnetization with
respect to the CNT axes can be controlled, magnetic func-
tionalization can be effectively exploited. This demand
represents a general and yet unsolved problem in the
research on CNT. In order to understand and control the
relative orientation of the crystal lattice of the catalyst
particle and the CNT axis, a detailed microscopic picture
of the CNT growth mechanisms is mandatory. Although
this problem has been at the center of CNT research for two
decades, such a picture is not yet available. Likewise
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unknown are the physical principles which rule the choice
of a particular facet that forms the metal-carbon interface.
As the CNT growth process is intimately related to this
interface, a thorough investigation of the nature of the
interface seems consequential. Owing to the large variety
of CNT synthesis, different and (partially) competing
growth models exist [15-20]. In the most widely used
preparation process of chemical vapor deposition (CVD),
the choice of transition metal catalyst particles provides a
degree of control over the CNT morphology, the produc-
tion yield, and the growth mode itself (base growth vs tip
growth) [21,22]. Consequently, the interface between the
catalyst particle and the CNT is considered to play a key
role for the CNT growth [17,23-26]. Only a few studies
deal with the physical properties of these facets which are
found to be particularly effective in dissociating the gase-
ous hydrocarbon feedstock during growth and which typi-
cally provide low activation energies for surface diffusion
[17,27]. Ab initio calculations on interfaces between
single-wall CNTs and selected metal surfaces reveal the
covalent character of the chemical binding and surprisingly
high bond strengths [25]. For single-wall CNT growth the
adhesion between the catalyst particle and the graphene
cap is stated to be the most important point for the cap lift-
off [18-20]. Koziol et al. showed a strong relation between
an iron-carbide particle and the radial nanotube layer in
multiwall CNTs (MWCNTs) grown by the CVD process
[28]. Studies of different crystallographic facets of the
catalyst and, in particular, for interconnects to MWCNTs
are still lacking.

The structure of the internal metal-carbon interface
of L1j-FePt-terminated CNTs grown from FePt catalyst
particles through plasma-enhanced CVD [14,29] is
investigated by means of low-voltage (80 kV), monochro-
mated, aberration-corrected high-resolution transmission
electron microscopy (HRTEM) using the ‘“Team 0.5”
microscope [30].
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As an example, Fig. 1(a) shows a HRTEM image of the
tip section of a MWCNT terminated with a FePt catalyst
particle. The Fourier transform of the particle (FFT, cf.
inset) reveals that the particle exhibits the ordered L1
structure and is oriented with its [110] zone axis parallel
to the electron beam (i.e., perpendicular to the image
plane). The [001] easy axis of magnetization lies
within the image plane as indicated by the white arrow.
Figure 1(b) shows a magnification of the metal-carbon
interface region. The strong differences between the scat-
tering strengths of the heavy Fe and Pt atoms and the light
C atoms provide a criterion based on which the atomic
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FIG. 1 (color). HRTEM close-up of the internal metal-carbon
interface in a FePt-terminated CNT. (a) CNT with its catalyst
particle oriented in [110] zone axis. Inset: FFT of the particle
region. Symbols correspond to crystallographic directions.
Triangle, {I111}; circle, {001}; square, {110}. (b) Magnification
of the marked region in (a). Atoms which belong to {111} facets
are labeled light blue, others yellow. Inset: {111} lattice spacing,
d;;;, as a function of the distance from the interface. The
symbols and dashed line represent the experimental data and a
fitted decay function, respectively. (c) Tip region of a second
FePt-terminated CNT.

columns may be clearly attributed to either C or Fe/Pt
from merely analyzing the image intensity (i.e., the gray
value). Figures 2(b) and 2(c) show intensity profiles ob-
tained from the interface region. In these profiles, two
different regions with small signal oscillations on a high
background and with strong oscillations on a low back-
ground can be clearly distinguished. In the FePt particle
where the atoms are stacked in columns, pronounced chan-
neling of the electron wave occurs which leads to intense
peaks on a low background [31,32]. In contrast, in the
CNT, the atoms are not stacked within columns and as a
consequence, electron channeling is largely reduced,
which leads to a very diffuse image contrast (i.e., weak
oscillations on a high background). Based on this criterion,
the interface between the metallic catalyst and the CNT
can be determined from such profiles with atomic preci-
sion. This analysis allows us to identify those atoms of the
FePt particle which form the metal-carbon interface.
Accordingly in Fig. 1(b), interface atom columns which
belong to {111} facets are labeled light blue, others are
labeled yellow. From the HRTEM micrograph and its FFT
[Fig. 1(a)] it becomes evident that the four bottommost
graphene sheets emanate from a (111) FePt facet.

Such detailed analysis of the interfacial area is only
possible if the catalyst particle lies sufficiently close to a
zone axis orientation and is thus limited to only few
particles. Nonetheless, investigations on 27 interfaces re-
veal that carbon preferentially (> 75%) emanates from
{111} facets. Figure 3 shows that this portion (red data) is
by far larger than the experimentally determined occur-
rence of {111} facets in the FePt catalyst particles them-
selves (black). It also outnumbers the probability with
which {111} facets occur in fcc crystals (left hatched) or
terminate truncated octahedra (whose morphology is simi-
lar to that of the experimental particles, right hatched),
respectively. A pronounced bending of the graphene layers
toward the {111} facets is also often found which confirms
the origin of the CNT on these particular facets. This
finding is important not only since the metal-carbon
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FIG. 2 (color). Determination of the atomic arrangement at the
metal-carbon interface. (a) Close-up of the interface region of a
CNT. (b) Intensity profile along the projection of an individual
graphitic layer of a CNT across the interface. (c) Intensity profile
of the entire interface region marked in (a).
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FIG. 3 (color). Analysis of the occurrence of {100}, {110}, and
{111} planes at the metal-carbon interfaces (red, 27 interfaces
analyzed) and at the visible surfaces of the FePt catalyst particles
(black, 19 particles analyzed). The experimental data are com-
pared to the frequency of the occurrence of these planes at the
(visible) surfaces of model octahedra (right hatched) and in fcc
crystals (left hatched), respectively.

interface determines the relative orientation of the CNT
and the crystallographic orientation of the catalyst particle.
The carbon-metal interface also affects the chirality of the
outgrowing CNT [33-35].

The HRTEM images depicted in Fig. 1 reveal a variety
of additional details, such as the occurrence of step edges
on the interface, the rooting of the graphene layers on
hollow sites of the facets, or a Bernal type AB stacking
of the graphene layers within the CNT. These findings only
occur in individual cases and no preferential growth from
step edges nor for a particular rooting or stacking of the
CNT are found from the statistical investigation of different
CNT. There is also no preferred angle between the {111}
facets and the outgrown CNT. Rather the bending seems to
be determined by the overall particle morphology and the
radial metal-carbon interface where carbon diffusion oc-
curs during the CNT growth [28].

In the inset of Fig. 1(b), another characteristic feature of
these internal metal-carbon interfaces is presented. Here,
the interplanar {111} lattice spacing, d;;;, is plotted as a
function of the distance from the interface. There is a
significant increase of the lattice spacing upon approaching
the interface which may even exceed 10%. Whereas strain
in CNTs as manifested by a bending of the graphene layers
is often observed near the interface to the catalyst (see, e.g.,
[25,26,36]), strain within the catalyst particles themselves
is so far scarcely reported, and the details of the atomic
structure have not yet been revealed [36]. In FePt nano-
particles, a dilation of the surface-near lattice is known to
originate from a segregation of Pt to the particles surface
[37]. This Pt segregation is also believed to cause the
frequently observed low degree of L1, order in such par-
ticles [37-41].

In order to exclude that in the present case where the
metal is in intimate contact with carbon, the observed
lattice dilation is due to an interface-near dissolution of
carbon, MD simulations on the incorporation of carbon in

FePt were conducted. Our simulations have shown that
dyy; grows almost linearly upon increasing the C concen-
tration [29]. To account for the experimentally observed
10% increase of d,;;, a carbon content of at least 20 at. % is
necessary. This largely exceeds the high temperature car-
bon solubility in y-Fe [42] and would result in a ¢/a ratio
as low as 0.8 which could be easily measured from the
HRTEM images. Here, the ¢/a ratio was never found to be
smaller than c¢/a (expt.) = 0.96. Consequently, the disso-
Iution of C in FePt cannot account for the observed lattice
dilation at the metal-carbon interface. Rather it is attributed
to the aforementioned Pt segregation.

Additional simulations are conducted to investigate why
carbon preferentially emerges from the Pt-rich {111} facets
of the FePt catalyst particle. It is first assumed that the
observed structures still reflect the (late) CNT growth state.
Surface-directed diffusion of carbon along [111] onto the
{111} facets is ruled out, since these are the most densely
packed atomic planes in cubic and tetragonal crystals.
Instead, MD simulations were conducted to estimate the
desorption energy (i.e., the adsorption energy) of carbon
atoms for various surfaces. For this, single carbon atoms
were randomly positioned onto different surfaces and the
adsorption energy was estimated from the maximum en-
ergy difference between the substrate crystal with and
without carbon. For the {111}, {110}, and {100} surfaces
of fcc Fe, the obtained adsorption energies are €%, =
—6.7 eV, €% = —7.2 eV, and €5, = —7.9 eV, respec-
tively, whereas for Pt, ef};, = —=3.8 eV, €}!; = —=5.1 eV,
and €tl) = —5.0 eV are clearly smaller. This reflects the
stronger chemical binding between Fe and C and is in
accordance with the fact that the chemical affinity of an
element to carbon is higher the larger its number of unfilled
d orbitals is. The calculated adsorption energies of around
7 eV /atom for fcc Fe are comparably high as those derived
for Ni [23] and fcc Co [25], and as in Ni, the binding is
weakest on {111} facets. For the FePt alloy, the values lie
between those for elemental Fe and Pt and vary with the
number of Fe and/or Pt bonds. Altogether, the MD simu-
lations show that the lowest adsorption energy for carbon is
provided by the {111} facets of Pt which in turn means that
carbon is more easily released from {111} Pt. This finding
is in very good agreement with the HRTEM investigations
which indicate that the concentric graphene layers of the
CNT preferentially emanate from Pt-rich {111} facets of
the catalyst particle.

Since the characterization was done ex situ, one cannot
exclude the possibility that the metal-carbon interface was
modified upon cooling to room temperature. This would,
e.g., be the case when the CNT grow through a vapor-
liquid-solid process which involves the (partial) melting of
the catalyst [43]. Then the interface observed in the micro-
scope would not reflect the CNT growth state and the above
drawn conclusion would be invalid. The differences in the
adsorption energies among different facets (1.2 eV/at. for
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Pt surfaces) are larger than the differences in surface en-
ergies (0.3 to 0.6 eV/at. [29]) and thus dominate the en-
ergetics of the metal-carbon interface. Consequently, since
a change of the interface upon cooling only occurs together
with a reduction in energy, thermal equilibration of the
interface would be primarily achieved through maximiza-
tion of the gain in adsorption energy which would favors
{100} or {110} facets. This scenario is in clear contrast to
the observed preference of {111} facets. Alternatively, in
order to equilibrate the morphology of (free) FePt nano-
particles, the minimization of the surface energy leads to
an energetic preference of {111} and {100} surfaces and
thus to the formation of different types of truncated octa-
hedra [44,45]. Indeed is the occurrence of {100}, {110}, and
{111} facets on the FePt catalyst particles themselves in
good agreement with octahedral particle morphologies
(cf. Fig. 3). At the metal-carbon interface, the frequency
of the {111} facets is again noticeably high. Consequently,
the experimentally determined preference of {111} facets at
the metal-carbon interface (i) strongly suggests that the
CNT growth state is largely preserved upon cooling to
room temperature and (ii) proves the kinetic stabilization
of the internal metal-carbon interface through minimiza-
tion of the desorption energy.

In summary, the combination of structural characteriza-
tion by means of monochromated aberration-corrected
low-voltage HRTEM with MD simulations was shown to
resolve interfacial structures within CNT with atomic pre-
cision and provide valuable insight into the construction
principles behind such structures. In FePt-terminated CNT,
the concentric graphene layers of the outgrowing CNT are
found to preferentially emanate from Pt-enriched {111}
facets of the catalyst particles. The physical principle
behind this preference is of a kinetic nature, as the chosen
facets provide the lowest desorption energy to be paid for
the release of carbon atoms from the metal particle during
CNT growth. This finding may nourish future efforts to
tailor the relative orientation of the CNT axis and the
catalyst particle. Epitaxial relations between the catalyst
and a (single crystal) substrate could, e.g., be utilized to not
only optimize the growth process by providing the kineti-
cally favored interface. A likewise predefined orientation
of magnetic catalyst particles with uniaxial anisotropy
should then also allow one to control the orientation of
the easy axes of magnetization. Such an approach would
offer new routes to prepare nanostructured magnetic ma-
terials with homogeneous and predefined anisotropy, e.g.,
for data storage applications.
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